Burn depth assessment is a key step in guiding the treatment plan in patients who have sustained thermal injuries. We have developed a technique, polarization sensitive optical coherence tomography (PS-OCT), to provide the physician with a quantitative estimate of actual burn depth. We generated bums of various depths by contacting rats with a brass rod preheated to 75°C for 5, 15, or 30 seconds. PS-OCT images birefringence in biological tissue, through the depth resolved changes in the polarization state of light propagated and reflected from the sample. Preliminary results are presented that show a correlation between the loss ofbirefringence due to thermal injury and the actual burn depth determined by histological analysis. PS-OCT is a noninvasive technique which potentially can give physicians the accuracy to formulate the best treatment plan for bum patients.
INTRODUCTION
Estimates related to annual burn incidence in the United States include 5500 deaths from fire and burns (199 1), 51,000 acute hospital admissions for bum injury (1991 to 1993 average), and 1.25 million total burn injuries (1992) .' Traditionally, thermal burns have been differentiated into first, second, or third degree injuries. This classification is in many respects retrospective. First degree burns show thermal damage limited to the epidermis and are not considered a clinical problem, since the body will regenerate damaged epithelial cells. A second degree or partial thickness burn shows thermal damage extended into the dermis, however the skin can still heal by re-epithelialization. A third degree burn shows full thickness damage of the epidermis and dermis and fails to heal by regeneration of epithelium from within the wound margins.
The treatment for full thickness burns is skin grafting, either autologous or transplanted. However, a partial thickness burn, which shows destruction of the epidermis and a portion of the underlying dermis, may require a more complicated treatment plan depending on the depth of dermal injury. Currently, if a patient has a suspected superficial partial thickness burn, the surgeon will often wait 2-3 weeks to see if the wound will heal spontaneously from surviving epithelial appendages. If the burn has not healed within this time period, then the decision to skin graft is made. This, of course, prolongs treatment and puts patients at risk for developing infection at the burn site. If a patient becomes septic with Pseudomonas Aeruginosa, the common opportunistic bacteria which infect burn wounds, mortality is nearly 50%.2 Conversely, if a deep partial thickness burn is encountered, then skin grafting should be considered as soon as possible, since there is a lower incidence of infection with early eschar removal. 3 The determination of whether a partial A number of methods have been tried to determine the depth of bum injury, including the use of indocyanine green dye fluorescence,4 vital dyes, fluorescein fluorometry, laser Doppler flowmetry (LDF), thermography, ultrasound, nuclear magnetic resonance imaging, and spectral analysis of light reflectance. 5 Most of the existing research focuses on LDF. This technique is based on the fact that burned skin sustains significant damage to dermal arterioles, capillaries, and venules, and therefore the blood flow in this region is reduced.3 LDF typically uses a coherent light source such as a He-Ne laser. 6 The reflected laser light from the burned region is Doppler shifted due to the velocity of the moving constituents, namely red blood cells (RBC's). The amount of this frequency shift will give the velocity of the RBC's and the proportion of the shifted light as compared to the non-shifted light determines the concentration of RBC's in the tissue.7 Multiplying RBC concentration and velocity gives a fmal flux quantity.8 Due to the long coherence length laser source, LDF does not provide a depth resolved image of the blood flow in the burned skin, rather it measures perfusion over a large region, and its clinical use has been limited thus far.9 Therefore, clinical observation remains the gold standard for diagnosis.5 However, it is well known that clinical estimation of burn depth by visual and tactile assessment of the wound is highly maccurate in determining whether a deep bum will heal, even if estimated by an experienced clinician.3'7 Hence there is a need for a high resolution, non-contact imaging technique that would provide quantitative depth information on the extent of thermal damage.
Polarization sensitive optical coherence tomography (PS-OCT) is a newly developed noninvasive optical technique that uses coherent gating to image tissue structure with high spatial resolution.'° It measures changes in the polarization state of light reflected from biological tissue with lateral and depth resolutions of 10-15 jim. The polarization state of light reflected from a certain depth will be changed by tissue birefringence. The total change, expressed as phase retardation between orthogonal components of the light wave is the product of birefringence and depth. Skin has an abundance of weakly birefringent collagen fibers in the dermis layer, and ensuing thermal injury will denature this collagen, resulting in a reduction ofbirefringence. A PS-OCT image gives a two dimensional map of the change in the polarization state of the light. By comparing changes in normal and burned tissues, we will show the quantitative link that we have established between the depth of thermal damage and the measurable loss of birefringence in skin.
MATERIALS AND METHODS

Animal model
Sprague-Dawley female rats (250-300g) were used as the animal model and housed in a pathogen free animal facility. They were given a commercial base diet and water ad libitum. The experimental protocol was approved by the Institutional Animal Care and Use Committee at the University of California, Irvine. Rats (n = 3) were anesthetized with an intraperitoneal injection of ketamine (87 mg/kg) and xylazine (13 mgfkg). After the animals' backs were shaved, experimental burns were placed on the rat skin following the well established protocols of Smahel" and Kaufman, et al12 A cylindrical brass rod (weight 313 g; diameter 1 cm) was heated to 75°C in a water bath. A pair of 1 cm burns were placed on each rat by contacting the 75°C brass rod onto contralateral portions ofthe skin on the back for 5 (n = 1), 15 (n 1), or 30 (n = 1) seconds. The time of exposure was monitored with a stopwatch. No additional pressure was applied to the rod while contacting the skin other than that which was supplied by gravity. On each rat, one burn was used for an immediate evaluation (day 0) and the other for a 2 day postbum measurement.
After the burns were placed, the animals were then taken immediately to the PS-OCT device for scanning. Scans were always cross-sectional being 4 mm long and 1 mm deep. After the scan was completed, the start and endpoints of the scan were marked as accurately as possible with India ink (Higgins, Lewisburg, TN) by tattooing the skin using a 30 gauge syringe needle. Points between the start and endpoints of the scan were also tattooed in the same plane of the scan. On average, 5 tattoos were made for each biopsy. With the tattoos in place, the site for biopsy was easily identifiable. Tissue was taken using a 4 mm punch biopsy (Miltex, Lake Success, NY) which was then processed with a regressive hematoxyim and eosin (H & E) stain for later histopathologic analysis. Another PS-OCT scan and punch biopsy was taken in similar fashion over an area of normal skin as a control. The biopsy sites were sutured using 5-0 nonabsorbable nylon (Ethicon, Somerville, NJ). The topical antibiotic silvadene was then applied to the wounds, and the rat was placed in a stockinette and returned to the housing facility. Post-operatively, animals were given injections ofbuprenorphone subcutaneously for pain management.
After 2 days, the rats were brought back to the laboratory and anesthetized again. The second burn on each rat was then imaged. After these last PS-OCT measurements and subsequent biopsies were taken, the rats were euthanized with intracardiac injections of Eutha-6 (Western Medical Supply, Arcadia, CA).
PS-OCT device
The schematic for the PS-OCT system is shown in Figure 1 13 Light from a superluminescent diode with 0.5 mW output power, central wavelength of 856 nm, and spectral FWHM =25 nm was passed through a polarizer to select for a pure linear horizontal input state. This light was then split into reference and sample arms by a polarization insensitive beamsplitter. Light in the reference arm passed through a zero order quarter wave plate (QWP) oriented at 22.5° to the incident horizontal polarization. Following reflection from a mirror attached to a piezoelectric transducer (PZT), retroreflector, and return pass through the QWP, light in the reference arm had a linear polarization at 450 with respect to the horizontal. The mirror on the PZT modulated the reference arm length over 20 j.Lm to generate a carrier frequency. The PZT retroreflector assembly was mounted on a translation stage to allow for active focus tracking in the sample.'4 For improved signal to noise ratio,15 a neutral density filter positioned in the reference arm reduced intensity noise by a factor of 50. on 25 jim diameter pinholes placed directly in front of the detectors to detect a single polarization and spatial mode.
Two dimensional images were formed by lateral movement of the sample at a constant velocity of 1 film's (x-direction), repeated after each axial displacement in depth (z-direction). The carrier frequency ( 6 kHz) was generated by displacing the PZT driven mirror with a 100 Hz sawtooth waveform. Lateral and axial image resolutions were 1 5 .tm and 10 tim, respectively, determined by the beam waist at the focal point and the coherence length of the source. Pixel size in the images were 10 tm x 1 0 tm.
The polarization state in each arm of the mterferometer was computed using the Jones matrix formalism, which has been previously described in detail. ' The horizontal and vertical polarized components of the interference intensity between light in the sample and reference arms were detected separately. From the ratio of these two quantities, the birefringence induced phase retardation was calculated. The scans showed an accumulation of phase change as light propagated into the tissue. The PS-OCT images were formed by grayscale coding the birefringence induced phase retardation from O (black) to 1800 (white). A white contour line indicating a 90D phase retardation level in the PS-OCT image was plotted and overlaid with the original image. The depth in each scan was determined by averaging the phase retardation values along the x-direction (lateral), correcting for inadvertent skin surface inclination, and then plotting the phase retardation versus depth. The depth value that corresponded to 900 f phase retardation averaged over the entire 4 mm was the scan depth reported.
Histological analysis
To determine the relationship between the loss of birefringence in skin and actual depth of thermal damage, the PS-OCT scans were compared to the histological sections that were taken from the biopsied tissue. Since the biopsies were tattooed with India ink as previously described, the histological section corresponds to the same site optically imaged with the PS-OCT device. Because the tattoos were placed as close as possible to the actual plane of scanning, all slices that contained any trace of India ink were analyzed. Since all tissue containing India ink was recovered, and the microtome used made slices in 6 im steps, approximately 20 -40 slices per biopsy were obtained.
Using similar burn parameters as described by Smahel" on rat skin, partial thickness and full thickness injuries were expected. In analyzing the histological sections, the criteria previously described by Panke and McLeod'6 were followed. The burn depth was determined by examining for the presence or absence of viable adnexal structures, such as hair follicles and sweat glands. If such structures appear abnormal or otherwise damaged, then it can be inferred that the depth of thermal injury has reached at least that depth. The regressive H & E stain helps determine the actual burn depth by showing a color change to dark dark gray for thermally damaged collagen, the main constituent ofthe dermis. Also, distinct changes in morphology of the dermis can be observed in thermally damaged tissue. The normal dermis is made up of irregular collagen fibers and fibroblasts that have an orientation roughly perpendicular to that of the skin surface. When the skin is thermally damaged, the fibers lose their linearity and become fused with their neighboring fibers and appear as dense coagulations of collagen. This coagulative necrosis is distinctive for thermal damage. 16. All these indicators helped us determine the actual depth of injury. The regressive H & F stained microscope slides were placed under an Olympus BH-2 microscope with a micrometer ruler in its eyepiece. Using the ruler, an actual burn depth in micrometers (± 5 lim) was measured in each histological slice. The burn depth reported is the average of the depths determined individually from each of the 20 -40 histological slices. Histological analysis was done independently from the PS-OCT scan depth determination. Figures 2, 3, 4 , and 5 show typical PS-OCT scans and corresponding histology for normal rat skin and burns produced by the preheated 75°C brass rod for 5, 15. or 30 seconds of exposure time, respectively. Figure 2A shows a control PS-OCT scan, and Figure 2B displays the abundance of intact hair follicles found in normal rat skin histology. Figure 3A shows an increased depth of the white 90° phase retardation line, while Figure 3B shows a corresponding dark gray region near the surface indicating damage to the dermis. Figure 3B would be classified as a superficial partial thickness or second degree burn. Figure 4A has an even greater depth of the white 90° phase retardation line, and the dark gray region indicating damage to the dermis has increased as well (Fig. 4B) . Hair follicle damage can be seen, and Figure 4B would be classified as a deep partial thickness or again, a second degree burn. Figure 5A shows the deepest white 90° phase retardation line, while the regressive H & E stain shows damage over the entire dermis (Fig. SB) . Extensive coagulation can be seen in the dermis with a complete absence of hair follicles . PS-OCT scan (A) and corresponding histology (B) of rat skin burned by contact with a 75°C brass rod for 15 seconds. A: The PS-OCT scan has been grayscale coded so that black represents OC phase retardation (the incident polarization) and white is 1800 phase retardation. Note the increased depth of the white 90° phase retardation line in the scan. B: The stain used is regressive H & E (Mag 157.5 X). The dark gray region indicating damage to the dermis has increased in depth. Hair follicle damage can also be seen. This would he classified as a deep partial thickness burn (2°).
RESULTS
A B
As can be observed in Figures 2-5 , all PS-OCT scans consistently show that the incident circular polarization on the sample (corresponding to 0° of phase retardation and coded as black) is preserved through deeper depths in thermally damaged tissue. In other words, the 90° phase retardation contour line appears at a greater depth in thermally damaged tissue as opposed to normal skin. The preliminary results for the experiment are sunm-iarized in a plot of scan depth (average 90° phase retardation depth) vs.
histological depth (average of 20-40 histological slices) in Figure 6 . This study was performed to determine if a correlation between the average 90° phase retardation and the actual burn depth could be established. Histological Depth (pm) Figure 6 . Correlation between PS-OCT determined depth and the histologically determined depth. The error bars are the average standard deviation in determining the actual burn depth.
DISCUSSION
The loss of birefringence observed in burned skin is due to thermally induced collagen denaturation. Since normal collagen is a weakly birefringent material, it has the ability to change the polarization of light that propagates through it. Between temperatures of 56°-65°C the collagen in the dermis begins to denature'3 and the molecule becomes more isotropic making the skin less birefringent. The loss of birefringence in burned skin is indeed seen, as evidenced by our deeper 900 phase retardation line. The depth of this line also increases as the duration of the thermal injury exposure increases. The linear relationship between the scan depth and the histological depth demonstrates that PS-OCT can provide quantitative information for bum depth determination.
It should be pointed out that the y-intercept of the least squares line is a finite value that is approximately 100 I.tm (Fig. 6 ). Control areas of skin had no bums inflicted on them, and therefore their histological depth ofburn injury is zero. However, the PS-OCT device gives some finite value for these rats with nonnal skin. This is because light must propagate to a fmite depth before it has incurred 900 of phase retardation even for normal skin as shown in Figure 2 . Since the collagen has not been damaged, the birefringent tissue will change the polarization state of the light in a much shallower depth, when compared to a burned skin sample. The fmite value of the y-intercept is a by product of our arbitrary choice of 9Ø0 of phase retardation as the criterion for scan depth. The finite value of the y-intercept suggests that a calibration measurement is necessary on normal skin before burn measurements are taken.
One limitation of this method of burn depth determination is the inability to detect any inflammatory response from the tissue. PS-OCT is only sensitive to structural "form birefringence" of the tissue. Any cellular infiltrates such as neutrophils which begin to appear at about 72 hours post burn injury cannot be detected. Bacterial invasion, a common occurrence in burn injury, will also escape detection. This is significant from a pathological point of view, since bacteria can convert partial thickness burns to full thickness burns.'7 After the first 48 hours, the burn wound will begin to exhibit other types of tissues that are not necessarily birefringent, such as granulation tissue and neovasculature. Thus, PS-OCT would be most useful in the initial diagnosis of bums, within the first 48 hours. Also, our current PS-OCT setup operates using scanning stages, which require that the sample be completely immobilized during image acquisition. Currently each scan takes approximately 20 minutes to acquire, hence the need to have our rats under general anesthesia for scanning. Although in its current state PS-OCT is not viable for use in a clinical burn center, a new fiber based system is under construction which will have fast scanning mirror mounted galvanometers to allow image acquisition in less than 1 second.
As our system evolves and we gain the ability to scan at much faster rates, PS-OCT could provide the surgeon with a high resolution "optical biopsy" of the burn. When differentiating between superficial partial thickness versus deep partial thickness bums, based on the depth of thermal injury, the surgeon can immediately decide whether or not to graft the patient's skin. The noninvasive and compact nature of the PS-OCT system suggests that it has the potential to be used in the clinical management of burn victims and to help the surgeon optimize his treatment.
